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The nuclear shell model is a benchmark for the description of the structure of atomic nuclei. The magic numbers 
associated with closed shells have long been assumed to be valid across the whole nuclear chart. Investigations 
in recent years of nuclei far away from nuclear stability at facilities for radioactive ion beams have revealed that 
the magic numbers may change locally in those exotic nuclei leading to the disappearance of classic shell gaps 
and the appearance of new magic numbers. These changes in shell structure also have important implications 
for the synthesis of heavy elements in stars and stellar explosions. In this review a brief overview of the basics of 
the nuclear shell model will be given together with a summary of recent theoretical and experimental activities 
investigating these changes in the nuclear shell structure. 
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1 Introduction 

The atomic nucleus, core of the atom, is the carrier of essentially all visible mass in the Universe. 
Atomic nuclei are also the fuel for the burning of all stars and are thus the source of the energy 
enabling live on this planet. Nuclear reactions are also at the heart of the production of all 
naturally occurring chemical elements from deuterium to uranium. 

Despite this central role of atomic nuclei and nuclear reactions in the Universe, the structure 
and dynamics of atomic nuclei cannot yet be satisfactorily described on the basis of the fun- 
damental underlying theory of the strong interaction, quantum chromodynamics (QCD). This 
results from the fact that the protons and neutrons inside the atomic nucleus are themselves 
complex systems built up from quarks and gluons, the force carriers of the strong interaction. 
Thus the strong interaction between nucleons is an effective, van der Waals like interaction that 
governs a two-component quantum many-body system, making analytical calculations impossi- 
ble. The free nucleon-nucleon interaction can be measured via scattering experiments and is well 
described theoretically. However, inside an atomic nucleus the interaction between two nucleons 
changes due to the presence of the other nucleons or, in other word, the nuclear matter in which 
the nucleons are submerged. Therefore, effective interactions have to be used to describe the 
interaction of protons and neutrons inside an atomic nucleus. Much progress has been made in 
recent years to derive effective interactions that are motivated by the symmetry properties of 
QCD but which also take into account the effects of the nuclear medium on the nucleon-nucleon 
interaction [1,, 2,, 2,, J] • It is one of the central goals of modern nuclear physics to develop a unified 
theoretical framework that allows one to reliably predict the properties of complex nuclei with 
a set of theoretical tools, which are based on the same underlying basic ingredients connected 
to the QCD symmetry properties. 
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Figure 1. Nuclear cliart with indicated classic shell closures and r-process path. The dashed lines indicate roughly where 
we believe that nuclei are bound or in other words that the neutron and proton separation energies Sn, Sp are positive. 
Also shown are solar r-process abundances, taken from [T^ . 



In the recent decades nuclear structure physics has undergone a major re-orientation and 
rejuvenation seeing the discovery of new phenomena and the emergence of new frontiers. In 
particular the availability of energetic beams of short-lived (radioactive) nuclei, in the following 
also referred to as rare isotope or exotic nuclear beams, has opened the way for the exploration 
of the structure and dynamics of complex nuclei in regions far away from stability, where very 
limited information is available. These new experimental capabilities allow one to delineate the 
limits of nuclear existence and study the dependence of the nuclear force on proton and neutron 
number (or isospiifl)- They also enable us to study the behavior of nuclei near and beyond the 
neutron and proton drip-lines and to investigate the emergence of new modes of nuclear behavior, 
not observed near stability. The neutron (proton) drip-line denotes the line beyond which the 
separation energy Sn {Sp) for the last neutron (proton) becomes negative and thus no additional 
neutron (proton) can be bound by the nuclear force El- Examples for such new modes are nuclear 
halos, skins of protons or neutrons, and new modes of excitation were protons and neutrons 
decouple as well as new isospin pairing phases and new decay modes 



n, 13, 13, 141. 



^Proton and neutron are treated as two different projections Tz = —1/2 and Tz = +1/2, respectively, of an isospin T = 1 
state. 

■^Note that a proton with Sp < can be bound to the nucleus by the Coulomb barrier. Such nuclei can decay by proton 
radioactivity, the tunneling of the proton through the Coulomb barrier [^. 
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One of the major successes in the description of the properties of atomic nuclei is the in- 



troduction of the nuclear shell model. The shell structure was observed (see e.g. 15], [la]) in 
the occurrence of special numbers of protons and neutrons in nuclei, so called magic numbers, 
for which discontinuities appear, e.g. in binding energies and separation energies (the energies 
needed to remove the last neutron or proton). Also other experimental observables, such as en- 
ergies of first excited states in even-even nuclei, and electromagnetic transition rates show these 
shell effects. By analogy to the very successful atomic shell model these magic numbers were 
taken as evidence of closed shell configurations in atomic nuclei, similar to the noble gas config- 
urations in the electron shells of atoms. The classical magic numbers are indicated as horizontal 
and vertical lines in the nuclear chart shown in Fig. [TJ 

Until recently the persistence of these magic numbers throughout the whole nuclear chart 
was a fundamental paradigm in nuclear physics. However, in the last two decades sophisticated 
experiments with exotic nuclear beams made it possible to scrutinize the persistence of the shell 
gaps far away from stability. The measurements showed some surprising changes in the nuclear 
shell structure as a function of proton and neutron number in light nuclei. These observations 
triggered numerous theoretical investigations, which in turn made new predictions that some 
magic numbers will disappear and new shell gaps will appear in certain regions of the nuclear 
chart. 

The shell structure in nuclei plays also an important role in defining the pathways on the 
nuclear chart of various processes of the synthesis of the chemical elements in the Universe (see 
[ist for a recent review) and results in specific features of the observed solar abundances [ly]. 

In particular, the possibility of a quenching of shell gaps in neutron-rich medium mass and 
heavy nuclei has been discussed in the context of reproducing the r-process abundances j2ol . 



2ll . I22I ] in network calculations. The rapid neutron capture (r-)process is responsible for the 
production of about half of the heavy elements above iron. It proceeds in a very neutron-rich, high 
entropy environment where certain seed nuclei capture neutrons until an equilibrium abundance 
of isotopes for an element (Z) is reached between neutron capture and photo-dissociation in the 
hot environment [1^. Beta-decay out of this equilibrium distribution leads to the next heavier 
element (Z+1) where again neutron capture occurs until an equilibrium abundance distribution is 
reached and beta decay leads to the next heavier element. By this mechanism all heavy elements 
above iron can be produced. The most abundant isotope in an isotopic chain under equilibrium 
conditions can be estimated for a given neutron flux by a characteristic value of the neutron 



separation energy Sn [18( with the equation 



5„(MeV) = ^ (34.075 - logn„ + ^ logTg 



where Tg is the temperature in units of 10^ K and n„ is the neutron density in cm~^. This 
equation implies that the r-process proceeds along a path of constant neutron separation energies, 
which is indicated in Fig. [H Once the neutron density drops sufficiently the process falls out of 
equilibrium. After the neutron capture stops for lack of neutrons the neutron-rich nuclei decay 
via beta decay towards stability to produce the observed r-process abundances. 

The shell structure along the r-process path is imprinted in the abundance pattern, since the 
beta-decay half-lives drop significantly just after the shell closure and thus abundance is collected 
along the neutron-shell closure. The broad abundance peaks in the r-process abundances at 
masses A=130 and A=195 (see Fig. [T]) are a result of this. If, for example, the shell closures at 
N=82 and N=126 persist in neutron-rich nuclei, the r-process path will flow along these shell 
closures at these mass numbers. However, if the shell gaps are quenched or if shell gaps occur for 
different neutron (or proton) numbers, the path of constant separation energies may be shifted 
and the r-process path may be located further away or closer to stability. 

Thus, the underlying nuclear physics of nuclei far off stability can have a significant impact 
on pathways of nucleosynthesis. Certainly the astrophysical conditions at the nucleosynthesis 
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sites will be decisive for the element production. In case of the r-process the astrophysical site 
has not yet been clearly identified. One of the favorite scenarios is the neutrino-driven wind in 



core-collapse supernovae of massive stars [24l. l25l. l26l|. However, neutron-star mergers are also 
being considered as a possible site 271]. It will take the combined effort of multidimensional as- 
trophysical modeling, precision astronomical observations of elemental and isotopic abundances 
as well as precise knowledge of the nuclear physics of exotic nuclei to solve the puzzle of the 
origin of the heavy elements. 

In this article I will try to provide a brief review of the recent developments concerning the 
modification of shell structure far away from stability. I will start by recapitulating some of the 
basic features of the nuclear shell model and by introducing the main ingredients for shell model 
calculations. On the basis of these foundations I will try to summarize how shell structure may 
change as one goes away from stability. After that I will provide some overview of how one 
may look experimentally for shell closures and provide examples of recent experiments that have 
helped to discover the disappearance of classic shells and the appearance of new magic numbers. 



2 Basics of the nuclear shell model 

The underlying concept for the nuclear shell model is the idea that nucleons move almost inde- 
pendently inside a central potential well. However, contrary to atomic physics, where the central 
potential for the electrons originates from the charge of the atomic nucleus, the central potential 
for a nucleon is the result of its interactions with the other nucleons in the atomic nucleus. 



2.1 Independent particle model 

The concept of independent particle motion seems surprising if one looks at the well known 
radial dependence of the nucleon-nucleon potential (see fig. [2]) with its short range repulsion (at 
about 0.5 fm) and its strongly attractive component, which can be described by pion exchange. 
Aside from this centralpart the nucleon-nucleon interaction also contains spin-orbit, spin-spin, 
and tensor componentq^. As a result of the strong short range repulsion the nucleons have a large 
kinetic energy at short distances and the total energy, as sum of potential and kinetic energy, 
shows only a relatively weak binding at distances of 1.5-2 fm. This saturation property of the 
nuclear force also leads to the almost constant density of the nuclear matter inside nuclei. The 
resulting central potential can be approximately described by an inverted Fermi-function, the 
so-called Woods-Saxon potential (WS) (see Fig.[3l) or alternatively by a harmonic oscillator (HO) 
potential with an additional term proportional to the square of the orbital angular momentum, 
in order to effectively flatten the potential in the nuclear interior. 

As a result of the central potential one obtains groups of energy levels forming shells separated 
by large energy gaps as indicated in Fig. [3l By filling these individual shells consistent with the 
requirements of the Pauli exclusion principle one obtains closed inert configurations, similar to 
the noble gas configurations in atoms, for certain numbers of protons and neutrons, the so called 
magic numbers (2, 8, 20, 28, 50, 82, 126). The first attempts to explain the observed magic 
numbers with a nuclear shell model failed until in 1949 Mayer, Haxel, Suess and Jensen 2^, 30] 



showed that the inclusion of a strong spin-orbit interaction with a sign opposite to that known 
from the fine structure in atoms gave rise to the observed gaps between the nuclear shells. The 
original form of this spherical mean field was: 

U{r) = ^mu^r'^ + DP + CI- s. (1) 



The tensor interaction will play an important role later on in this review. 
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Figure 2. Potential and kinetic part of the radial part of the nucleon-nucleon interaction resulting in a total energy with a 
weak binding at distances of 1.5-2 fm (Adopted from [28| ). 
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Figure 3. Woods-Saxon type mean field with clustering of single-particle levels into major shells. In the top of the figure 
the corresponding radial density distribution is indicated. 



The exact ordering within the shells depends on the choice of potential, HO vs. WS, and their 
parameters. Please note also that there is a mass dependence in these parameters, most obvious 
due to the change of the radius of the potential well proportional to A^^^. Today a more realistic 
mean field potential can be self-consistently calculated using Hartee-Fock methods based on 
effective nucleon-nucleon interactions 3l|, |3j] . 
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Already with the concept of independent particles moving in this potential, a one-body mean 
field potential, a broad body of experimental data can be explained, in particular for nuclei with 
only one particle or hole outside a magic core, e.g. ground state spins, excited states, magnetic 
moments. However, this model certainly is too naive since the potential well cannot account 
for all aspects of the interaction between the nucleons. This leads to so-called core-polarization 
effects where the particles outside the magic core will have some influence on the core itself, which 
can have dramatic effects, e.g. on magnetic moments. In addition one has to take into account a 
residual interaction among the nucleons outside the magic core. This residual interaction plays a 
major role in the excitation spectrum of nuclei away from the magic shells and will be discussed 
in the following subsection. 



2.2 Interacting shell model 

In a realistic shell model calculation the residual interaction has to be taken into account between 
all valence particles outside an appropriately chosen closed core of fully occupied shells. For this 
appropriate choice one has to ensure that excitations from this closed configuration do not play 
a role in the excitation spectrum of the nucleus. In order to perform an interacting shell model 
calculation one defines a configuration space of single-particle orbits for the valence nucleons, 
which can interact. The configuration space is limited in size by taking into account only a limited 
number of orbits outside the chosen closed core and also ignoring higher lying unoccupied levels 
not relevant for the properties of the nuclei of interest (see Fig. S]). 

The single-particle energies (SPE) for the calculations may be taken from a modern self- 
consistent mean-field calculation or from experimental single-particle energies. The residual 
interaction between the valence particles is taken into account by means of two-body matrix 
elements (TBME) (ji,i2i «^|^b3i J4i for all possible combinations of oribtals ji in the model 
spac^, where J is the total angular momentum to which the two single-particles angular mo- 
menta couple. An effective interaction V for a specific model space has to include all possible 
combinations of orbitals ji and generally depends on spin and isospin. From the SPEs and 
TBMEs the excitation spectra of all nuclei for a given configuration space can be calculated. For 
example, in the sd shell, involving the lsi/2i 1^3/2) s-i^d 1^5/2 levels and thus neutron numbers 



N=8-20 and proton numbers Z=8-20, the SPE of 3 levels and 63 TBME have to be known |35l |. 
These are then used as input for the determination of the energies and wave-function of about 
10^ nuclear states in the mass region A = 17 — 39. 
TBMEs can in principle be derived from the bare nucleon-nucleon interaction, which has been 



measured in nucleon-nucleon scattering, using the so-called G-matrix theory [36l. l37l| . However, 
in order to account for changes of the nucleon-nucleon interaction in the nuclear medium some 
adjustments, e.g. incorporating short-range repulsion and core polarization, have to be included. 
In addition the extracted effective interaction has typically to be modified empirically to fit to 
existing data (see Refs. [1, 3^, 3^, 40, 41 1 for extensive reviews). 



2.3 Monopole shift of the single-particle energies 

A central interaction V{\fi — r2|) that depends only on the distance \fi — r2| between the 
two particles can be expanded within a complete set of functions, e.g. Legendre polynomials 
Pfc (cos 6*12): 

V{\n - f2\) =Y,iyk{ri,r2)Pk{cosei2), (2) 
k 



^In principle also three-body interactions have to be taken into account and their influence is a topic of current investigations 

MM- 
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Figure 4. Basic ingredient for an interacting SM calculation. Single-particle energies (SPE) in the configuration space and 
two-body-matrix elements (TBME) of the interaction between the nucleons in the configuration space. A closed shell core 
and unoccupied orbits above the configuration space are not part of the SM diagonalization and are colored in grey. 



with coefficients i^kif 1,^2) and 9i2 = <iri,f2)- The most important multipole orders relevant for 
the shell structure in nuclei are the monopole component and the quadrupole component. The 
latter plays an important role in driving the system to quadrupole deformed shapes, which will 
be discussed later on. 
The average of the interaction over all directions 

,r _ j:A^j+mj'k,j\v\M,fk,j) 

Ej(2J + 1) 

is equal to the monopole component of the interaction between two nucleons {i, k denote if they 
are proton it or neutron v) in orbitals with angular momenta j and j', respectively, and is of 
particular importance for the discussion of changing shell structure since it has a direct influence 
on the energy spacing of the single-particle levels. 

The effect of the monopole component can be seen best when looking at the so-called effective 
single-particle energies (ESPE) [4y,|43]. For a specific level the ESPE is defined as the separation 
energy of this orbit calculated with the bare SPE of the configuration space and including the 
effects of the monopole interaction with all other levels in the configuration space. Thus the 
spacing between the ESPEs defines the energies for the excitation of individual nucleons, and 
thus the effective shell gaps. It should be pointed out here that the monopole interaction is not 
the only relevant aspect of the residual interaction. However, its influence on the ESPE as a 
function of proton or neutron number is one of the most decisive contributions with respect to 
changing shell gaps. 

It was recently pointed out by Otsuka and collaborators 48, 4^, 50, 51] that various changes in 



the shell structure are caused by the monopole effect of the tensor force, an important component 
in the free nucleon-nucleon interaction which had not been considered explicitly before in shell- 
model calculations. The tensor force is one component of the residual interaction and results from 
the p and vr meson exchange term of the nucleon-nucleon interaction. The important realization 
was that in particular the monopole effect of the tensor force between protons and neutrons 
depends on whether the orbits of these valence nucleons are j> = ^ + s or j< = i — s. The effect 
of this interaction component is that if protons and neutrons are in j< and j> or vice versa the 
single particle energies are lowered (more bound), while in case that both are in j< or both are 
in j> orbits the single particle energies are raised (less bound) , as indicated in Fig. O Otsuka and 
collaborators also showed that the evolution of shell structure in exotic nuclei could be described 
by a so called monopole-based universal interaction Vmu [HH, consisting of a Gaussian central 
force, containing many complicated processes including multiple meson exchanges, and a tensor 
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Figure 5. Left: Basic components of the monopole interaction, a Gaussian central force and a tensor force, (adopted from 
[sHV Right: Schematic effect of the monopole interaction between a j'^ neutron orbital and jr< and j> proton orbits. 



force comprised of p and vr meson exchange, as schematically indicated in the left of Fig. [5j 

The effect of the tensor force can be seen in Fig. [6] where the effective single particle energies 
for neutrons are shown for the N=51 isotones as a function of proton number Z. The figure 
shows how the EPSEs for the neutron i/3si/2) 2^2^3/2, 1^^97/2^ ^-iid levels change relative 

to the v2d^i2 level as protons are added to the 1^1(79/2 orbital. The dashed lines show the effect 
of the monopole part of a Gaussian central force only, while the solid lines include the effect of 
the monopole part of the tensor force. One can see the dramatic effect on the j< neutron v\g-ji2 
orbital as its j> spin partner proton 2^159/2 orbital is filled between Z=40 and 50. At the same 
time the energy of the j> neutron vXh^xj^ orbital is raised by the repulsive effect of the tensor 
force. The effect of the tensor force is particularly strong between spin-partner orbits due to the 
fact that the radial wave-functions are the same and thus the short range interaction can have 
maximum effect. 

I will discuss the role of this interaction in the evolution of shell structure and the occurrence 
of new magic numbers in section HI 



3 Experimental probes of magic numbers 

In this section I want to briefly review some of the experimental methods that enable us to 
explore the evolution of shell structure and magic numbers in exotic nuclei. One may ask, 
why not simply measure the single-particle energies. However, as will be discussed below, such 
experiments are quite challenging and it is often easier to resort to other data, which are more 
readily available, such as measuring nuclear masses or investigating the excitation energies and 
collectivity in even-even nuclei. However, first of all it is necessary to briefiy explain how exotic 
nuclei are produced and made available for experiments. 



3.1 Production of exotic nuclear beams 

In the production of exotic nuclear beams one generally distinguishes between two methods. 

The first method, called Isotope Separation On Line (ISOL) method employs light ion beams 
that induce spallation, fission, or fragmentation reactions in a primary target, from which the 
short-lived reaction products only escape by diffusion. They are then singly ionized using e.g. 
surface ionization or element specific laser ionization techniques. The ions are extracted from the 
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Figure 6. Evolution of the neutron effective single particle energies (ESPE) for the N=51 isotones as the proton ^39/2 level 
is filled (adopted from [5lj| V The dashed lines are for the central force only, while the sohd lines include both the central 
force and the tensor force. 



primary target and can be delivered to low-energy experiments, such as a beta-decay station, 
a laser-spectroscopy set-up, or a Penning Trap for mass-measurements. Alternatively, they can 
be injected into a secondary post-accelerator for acceleration to energies of around 2-10 MeV 
per nucleon, which are energies on the scale of the Coulomb barrier between the nuclei. These 
Coulomb-energy beams are used for inelastic scattering experiments or nucleon transfer reac- 
tions, which are discussed below. Since the diffusion out of the production target depends on the 
chemical properties, ISOL facilities cannot provide secondary beams of all elements. Also, the 
diffusion takes some time, limiting the reach of the ISOL methods to exotic nuclei with half-lives 
of at least some 10 ms. The most important ISOL facilities worldwide are REX-ISOLDE at 
CERN, HRIBF at ORNL and ATLAS at ANL in the U.S.A., ISAC at TRIUMF in Canada, and 
SPIRAL at GANIL in France. 

The second method relies on the production of exotic nuclei by the fragmentation or fission of 
a high-energy (50-1000 MeV per nucleon) heavy ion beam in a production target, from which the 
reaction products emerge with beam velocity. The nuclei of interest are separated and identified 
by means of a large acceptance magnetic fragment separator. The separated nuclei are used 
for secondary reaction experiments at intermediate and relativistic energies (40-1000 MeV per 
nucleon) or can be stopped for decay studies. They can also be injected into a storage ring 
for mass- measurements. Since the separation technique does not depend on chemical properties 
all elements are accessible in in-flight experiments. Also nuclei with half-lives as low as a few 
hundred ns can be used for experiments since the nuclei move at a large percentage (40-80%) of 
the speed of light. Current world-leading in-flight facilities are the NSCL at MSU in the U.S.A., 
GSI Darmstadt in Germany, GANIL in France, and RIBF at RIKEN in Japan. With the FAIR 
Project at GSI Darmstadt with a planned begin of operations around 2017/18 the reach of the 
current facility towards more exotic nuclei will be significantly extended. 

NSCL and FRIB, with a planned startup around 2017, at MSU in the U.S.A. plan to combine 
the in-flight production and separation with a gas-stopping cell from which ions can be extracted 
and fed into a post-accelerator for secondary experiments at Coulomb-barrier energies. 
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3.2 Masses, binding energies, separation energies 

One of the first indications for the occurrence of a shell gap can come from the mass of the 
nucleus, which can today be measured even for nuclei with production rates of a few per second 
and half-lives in the millisecond range. 

The most precise technique to measure masses employs Penning Traps and can achieve an 
accuracy of 10 keV and better [H, \E^. As do all high precision measurements today, these 
experiments rely on a frequency measurement. The ions with charge q and mass m are stored 
in a Penning trap by the superposition of a strong homogeneous magnetic field B for radial 
confinement and a weak static electric field for axial trapping. The electric field is applied 
to hyperbolical electrodes with axial symmetry around the B-field direction. The electrode is 
fourfold segmented and the ions are excited by a radio- frequency applied to the pairs of segments. 
In case the applied radio- frequency is equal to the cyclotron frequency coc = B ■ q/m, maximum 
energy is transferred to the ion. When the ion is extracted from the trap its time-of-flight to a 
detector is measured. Measuring the time-of-flight as a function of the applied radio- frequency 
reveals a resonance pattern with a minimum time-of-flight for the cyclotron frequency of the ion, 
from which the mass can be extracted. 

In an alternative approach masses of nuclei can be measured in a storage ring 5^, 5^ in which 



they circulate with about 10^ revolutions per second, with the revolution frequency depending 
on q/m of the ion. In order to suppress effects on the revolution frequency resulting from the 
velocity spread of the ions one can perform the experiment in two different ways. One technique 
relies on the operation of the storage ring in a so called isochronous mode, where the circulation 



time of the ions does not depend on their velocity 56[|. A measurement of the time-of-flight 
using special detectors allows one to measure the revolution frequency, which now only depends 
on q/m. The other method relies on cooling of the ions in an electron cooler to reduce their 
velocity spread to a negligible value. In this case the revolution frequency can be measured by 
the Schottky noise signal induced by the ions in an electrode installed in the ring, which is then 



analyzed by applying a Fast Fourier Transformation [57 1. 

The measured masses can be used to investigate the shell evolution due to the fact that 
nuclei with a closed shell configuration are bound more strongly compared to nuclei with one 
or a few extra nucleons. Thus one can see indications for a shell closure either by an enhanced 
binding energy of the nuclei with closed shells or by a significantly reduced separation energy 
for additional nucleons. For example, the neutron separation energy Sn for a nucleus with Z 
protons and A nucleons is given by 



Sn = BE{Z, A) - BE{Z, A-l) = [M{Z, ^ - 1) - M(Z, A) + M„] ■ c 



,2 



Here BE(Z,A) is the binding energy of a nucleus with mass M(Z,A) and M„ is the neutron 
mass. 

Figure [7| shows neutron separation energies 5„ for oxygen, calcium, and lead isotopes as a 
function of neutron number. One can clearly see the jumps in the separation energies for the 
well known classic magic numbers N=126 in lead, N=20, 28 in calcium and N=8 in oxygen. 

However, local shifts in the binding energies or separation energies can sometimes also be the 
result of other causes, e.g. the competition and mixing of different nuclear shapes at low energies. 
Therefore, the ground state properties alone are not always sufficient to establish a new shell 
gap or the disappearance of a known shell gap. However, important additional information can 
be gained from the study of excited states. 



3.3 Excited states and collectivity 

Additional evidence for a shell closure can come from low lying excited states in nuclei. For 
example, in nuclei with one particle or hole outside a closed shell the excited states directly 
provide information on the single-particle states. 
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Figure 7. Neutron separation energies Sn for oxygen (top), calcium (middle), and lead (bottom) isotopes taken from 1581 , 
respectively. 



For exotic nuclei with production rates between about 1 per second and 1 per hour it is possible 
to study the gamma-decay of excited states populated either in the radioactive decay of the 
mother nucleus or in the decay of a long-lived isomeric state populated in the production reaction 
of the exotic nucleus. In either case the subsequent gamma-decay can be observed establishing the 
sequence of excited states and their electromagnetic decay. However, the total angular momentum 
and parity of the emitting state can be established only by measuring angular distributions or 
correlations of the gamma-radiation depopulating this level, which requires significant statistics 
and thus is often not possible in exotic nuclei. Lacking this information, the observation of states 
in nuclei with only one particle or hole outside a closed shell is only partially helpful since not 
all quantum numbers of the relevant states can be established. 

However, even-even nuclei, with an even number of protons and neutrons, enable a more simple 
access to the investigation of shell structure. The well known pairing interaction, that couples the 
angular momenta of like nucleons pairwise to total angular momentum 0, leads to the lowering 
of the energy of 0^ states in even-even nuclei. As a result all even-even nuclei have a spin and 
parity = 0^ ground state and a simple low-energy excitation spectrum with a 2"*" first excited 
state in almost all cases. Therefore, an explicit measurement of angular momentum and parity 
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Figure 8. Experimentally known energies of the first excited 2+ states in the even-even Ar, Ca, and Ti isotopes 

of this first excited state in even-even nuclei is basically not needed. At the same time its energy 
is a good indicator for the existence of a shell closure, as can be understood by the following 
considerations. 

In order to generate an excited 2"*" state in a doubly magic nucleus at least one nucleon has to 
be excited across the shell gap, since all single-particle levels are fully occupied and coupled to 
a total spin J = 0, such that a simple recoupling of angular momenta to J = 2 is not possible. 
The cross-shell excitation costs a large amount of energy, leading to a high excitation energy of 
several MeV for the 2+ state. In even-even nuclei with one closed and one open shell it does 
cost significantly less energy to produce this excited state, namely the energy to break a pair of 
nucleons in the open shell, about 1-1.2 MeV. 

Fig. [8] shows the energies of the lowest states in the even-even Ar, Ca, and Ti isotopes. 
The high excitation energies at the classic neutron magic numbers 20 and 28 are clearly visible 
for all three elements, while the highest energies occur in case of the doubly magic nuclei '^'^Ca 
and ^'^Ca. The high excitation energy of the 2"*" state in ^^Ca and ^^Ti is due to the filling of the 
L'2p^/2 orbital, which consists of a sub-shell. 

If both shells for protons and neutrons are open it is energetically less costly to produce excited 
2"*" states since the long range quadrupole-quadrupole interaction between the valence protons 
and neutrons allows for surface vibrations (near the closed shells) (~ 0.6 MeV) and a permanent 
quadrupole deformation (mid shell) with low lying rotational excitations (~ 0.05-0.4 MeV). 
Rotational and vibrational excitations are so-called collective excitations where several/many 
nucleons are coherently contributing to the overall motion of the nucleus, in one case surface 
vibrations of quadrupole shape and in the other case the rotation of a quadrupole shaped 
charge distribution. In both cases a large (collective) transition matrix element (2'^|(5|0''') exists 
for the electromagnetic quadrupole operator Q = r^Y2o. The value of this matrix element is 
orders of magnitude larger than for the case where a single-nucleon is moved by an electric 
quadrupole interaction from one single-particle level to another one. 

Therefore, the strength of the electromagnetic transition between the 0"*" ground state and 
the first excited 2+ state in even-even nuclei provides another indication for shell closures. The 
strength is often measured in terms of the reduced transition strength B{E2;0^ 2^) oc 
|(2"'"|Q|0+)p. Large B(E2) values are found for collective nuclei near mid-shell while very small 
B(E2) values will be found at shell closures. 

Aside from gamma-ray spectroscopy in decay experiments one can gain access to the first ex- 
cited 2"*" state in even-even nuclei via inelastic scattering either using electromagnetic (Coulomb) 
excitation or using the strong-interaction. In the Coulomb excitation of an exotic nuclear beam 



-"^Also octupolc shape vibrations are possible but will not be discussed further here. 
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the projectile is scattered on a stable high-Z nucleus in order to ensure a strong Coulomb inter- 
action or, in other words, the availability of m any virtual photons for the excitation. Coulomb 
excitation is a very well established technique [59|, l60|] and theoretically under control since the 



interaction and the reaction kinematics are well known. It has been adopted for the study of 
exotic nuclei at beam energies below the Coulomb barrier (see e.g. [HI, IH, [13]) as well as at 
energies well above the Coulomb barrier between projectile and target nucleus, often coined 
intermediate energy or relativistic Coulomb excitation [l^ . [63 . [13] • In either case the scattered 
projectiles are observed in coincidence with the characteristic gamma-ray transition from the 
deexcitation of the first excited 2"*" level. 

The advantage of the Coulomb excitation method is that, in addition to the observation of 
the energy of the state, the excitation cross-section can be used to obtain information on the 
electromagnetic transition matrix element connecting ground state and the 2+ state. However, 
one needs to ensure that the interaction is of electromagnetic nature only, which is the case if 
the distance between the scattering partners stays well above the range of the strong interaction. 
At beam energies significantly below the Coulomb barrier between the scattering partners this 
is easily achieved for all scattering angles, and thus the technique is sometimes called "safe" 
Coulomb excitation. Such experiment are performed at various ISOL facilities. For the "safe" 
Coulomb excitation at energies below the Coulomb barrier one is restricted to thin targets (~ 
mg/cm^) and thus experiments need beam intensities of ~ 10^ particles per second or above. 

For the Coulomb excitation with high beam energies at in-fiight facilities the selection of 
excitation via pure Coulomb interaction is basically achieved by selecting very small scattering 
angles, which ensures that the reaction products did not approach each other too closely. The 
relativistic Coulomb excitation has the advantage that thick targets (~ g/cm^) can be used. 
This allows one to perform experiments with secondary beam intensities of only ~ 10 particles 
per second. 

Aside from the pure electromagnetic excitation one can alternatively use the inelastic scattering 
of the exotic projectile on a target containing Hydrogen (protons) or Helium (alpha particles). 
Since in this case the projectile is dominantly excited by the strong interaction, one can obtain 
different information on the excited states. The electromagnetic excitation is only sensitive to 
the proton contribution while inelastic proton scattering, for example, is also sensitive to the 
neutron contribution of the transition. See Ref. 1131 and references therein for further details. 



3.4 Energies and occupations of single-particle levels 

While masses, energies, and transition matrix elements provide important insights as to 
the existence of a shell closure, it is important, if possible, to obtain direct information on the 
energies, quantum numbers, and occupations of the single-particle levels above and below a shell 
closure. In order to obtain this information one needs to measure the quantum numbers and 
energies of the single-particle energies in nuclei with or near closed shells. This can be done by 
so-called transfer reactions, in which one or few nucleons are transferred between a projectile and 
target nucleus in a peripheral collision where both nuclei just touch. Such experiments have been 
performed for more than 40 years at stable beam accelerators using light projectiles, like protons, 
deuterons, ^He, or ^He. For example, a neutron can be placed in the empty single-particle levels 
outside a closed shell nucleus, e.g. ^^Ca, using a deuteron beam and detecting the residual proton 
from this {d,p) reaction. In this case the neutron can be placed in the i/2p^/2i ^1/5/2) or i^2pi/2 
levels in ^^Ca. The energies and angular momentum quantum numbers of the populated levels 
can be measured by detecting energies and angular distributions of the residual protons, e.g. 
with a high resolution magnetic spectrograph. Such experiments can be performed within a day 
or so at beam intensities of lO^'^"^^ particles per second (pps) and with beam energies of around 
10 MeV per nucleon or higher. 

For short lived exotic nuclei this technique has to be modified by applying inverse kinematics. 
At various ISOL facilities, post-accelerated exotic nuclear beams are used to induce (d,p) neutron 
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transfer reactions in deuterated polyethylene foils to study the neutron single-particle energies 
far away from stability. In such experiments the protons from the target are detected in silicon 
detector arrays surrounding the target, measuring energies and emission angles. Due to the 
energy loss of the heavy-ion beam in the target and due to kinematic effects resulting from the 
reversed scattering geometry the energy resolution in such experiments is rather poor. However, 
one can use gamma-ray detection in coincidence with the detected protons to select excited 
states of interest. Experiments of this kind need beam intensities of at least 10^ particles per 
second. 

Another way to probe the energies, quantum numbers, and occupations of single-particle levels 
in a doubly magic nucleus is the so-called knockout reaction 0, [l^ with relativistic beams at 
in-flight facilities. In these experiments a fast secondary exotic nuclear beam is directed onto 
a thick (~ g/cm^) carbon or beryllium target at typical energies of 50-1000 MeV per nucleon. 
Due to the use of thick targets, which is enabled by the high beam energies, experiments can 
be performed with secondary beam rates of as low as 1 particle per second. In this case each 
incoming particle can be identified in its mass and charge through measurements of the magnetic 
rigidity, time-of-flight (providing velocity), and energy loss, which depends on the nuclear charge 
Z. In the knockout reaction a nucleon at the surface of the projectile is knocked out of its orbital 
by a peripheral collision with the target nucleus. The residual nucleus with one less nucleon 
is again guided through a magnetic spectrometer that on one hand allows for an event-by- 
event identification of the knockout reaction product^ and on the other hand yields a precise 
measurement of the momentum change of the projectile like residue compared to that of non 
reacted projectiles. 

The change in momentum of the residue is, due to momentum conservation, a direct measure 
of the momentum of the single-particle that was removed from its orbital in each individual reac- 
tion. For many knockout reactions on the same single-particle orbital one obtains a momentum 
distribution of this particular orbital. By means of a Fourier transformation this distribution 
is related to the spatial distribution of the radial wave-function of the removed nucleon, which 
varies for different orbital angular momenta L of the involved single-particle level. Thus the 
measured momentum distribution for an individual level is characteristic for the orbital angular 
momentum of the single-particle level from which the nucleon is removed. The cross-section for 
the knock-out reaction can be reliably calculated using Glauber theory [3] and can be used as a 
measure of the occupation of the orbital, which can be compared with the predication of shell 
model calculations. 

Thus, direct reactions like transfer and knockout reactions are essential tools to obtain detailed 
information on the energies of the single-particle levels and on the number of particles occupying 
these levels. 



4 Changes of shell structure far away from stability 

After having provided a rough overview on the theoretical basics of the shell model and the most 
important experimental observables used to probe the occurrence of shell gaps it is now time to 
turn towards the recent findings of changing shell structure in exotic nuclei. The discovery of 
such changes were only possible due to the recent developments in providing energetic beams 
of exotic nuclei and enabling the investigation of nuclei further and further away from stability. 
Through these studies it has been possible to significantly extend our knowledge of the evolution 
of nuclear structure with isospin. Hereafter, I only can highlight a few of the recent developments 



explicitly, while more information can be found in various reviews, e.g. Refs. [8|, Il3l . I7ll 



On the theoretical side a number of studies over the years have suggested that shell structure 



may change far away from stability for a number of reasons 66|, |67|, |68j, |69|, iTOj]. Among the 



Aside from the knockout reaction various other reactions occur. 
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various mechanisms for shell changes in the mean-field potential the reduction of the spin-orbit 
interaction with increasing neutron excess has been discussed extensively. From a phenomeno- 
logical point of view the spin-orbit interaction Vis oc dV{r)/dr may be expected to decrease for 
a more diffuse nuclear potential V{r) that may result from the weaker binding of the additional 
neutrons. 

Alternatively, the monopole shifts originating from the residual interaction of the valence 
nucleons, as discussed in section [2^ may cause the shell structure to change dependent on the 
occupied single-particle levels. 

In this section I want to highlight a few examples of regions in the nuclear chart where major 
changes in the shell structure have been observed or are currently debated. The evolution of all 
major shell closures has been extensively discussed in a recent review [7l|], to which the reader 
is referred to. 

I will start in the region of light elements between oxygen and calcium, where the shell structure 
is modified by the residual interaction. Afterwards I will discuss the situation in heavier nuclei, 
e.g. near ^^^Sn, where possible evidence for modifications of the shell structure has been discussed 
and changes of the spin-orbit interaction as well as effects of the residual interaction have been 
put forward in this context. 



4.1 Light nuclei 

Fig. |9] shows the neutron-rich side of the nuclear chart between Z=7 (nitrogen) and Z=22 (tita- 
nium) indicating the stable isotopes in black. The unstable nuclei are mostly indicated in yellow, 
aside for those nuclei where changes in shell structure are indicated by different colors: 

• light blue for the new doubly magic nuclei ^^O (N=16) and ^^Ca (N=34) (see below). 

• orange for the Island of Inversion (see below), where the N=20 shell closure has eroded and 
deformed configurations based on the pf-shell above N=20 dominate the ground state config- 
urations of nuclei near N=20. 

• green for the N=28 isotones ^■^Si and ^'^S where experimental data strongly indicates that their 
ground states are deformed and the N=28 shell gap disappears (see e.g. |13|, |7l|] and references 
therein) . 

Also listed are the years when the most-neutron-rich isotope of each element was discovered. 
This indicates our current knowledge of the so called neutron drip-line. The evolution with time, 
in particular in the last 20 years or so is closely related to the aforementioned developments of 
radioactive beam facilities. The development of theoretical and experimental predictions went 
hand in hand. While in some cases, e.g. in case of the Island of Inversion the experimental 
evidence for the breakdown of the N=20 gap came first, in other cases, e.g. the prediction of the 
N=34 shell closure, theoretical predictions motivated experimental activities. 

One can also see that the neutron drip line follows an almost linear dependence, aside from 
odd-even effects. The oxygen isotopes represent a major deviation from this smooth trend with 
^^O (N=16) being the last bound oxygen isotope, despite the fact that the simple shell model 
expectation would tell us that '^'^O with 20 neutrons in a closed shell should be favored in terms 
of nuclear binding. On can also see that if one adds only one additional proton suddenly six 
more neutrons can be bound in the fluorine isotopes where the last bound isotope is ^^F. 

^.1.1 Experimental evidence for the N = IQ magic number 

The first evidence for the = 16 magic number in oxygen came from an evaluation of neutron 
separation energies on the basis of measured masses. From the neutron separation energies of 
the oxygen isotopes in Fig. [7] it is apparent that the nucleus ^^O with N=20 is not bound 
anymore, despite its classic magic neutron number, which should provide additional stability. To 
the contrary, one can notice a jump in the oxygen separation energies at N=16. This surprising 
observation was taken as the first indication that instead of N=20 there may be a new shell 
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N=28 N=34 




Figure 9. Nuclear chart between nitrogen (Z=7) and titanium (Z=22) indicating classic and new shell closures as well as 
the breakdown of classic shell closures. 



closure at N=16 for oxygen [72]. 

In a recent experiment at the National Superconducting Cyclotron Laboratory (NSCL) at 
Michigan State University, USA, the energy of the first exited 2+ state in ^^O could be deduced 
[7^. Since this state, produced by the removal of a proton and a neutron from an exotic beam 
of ^^F, is unbound, it decays promptly to the ground state of ^^O under emission of a neutron. 
In this experiment ^^F nuclei were produced in a first step by fragmenting a ^^Ca beam on a 
Be target and separating and identifying the ^^F fragments in the A1900 fragment separator. 
The ^^F fragments were then sent onto a secondary Be target so that ^^O was produced by 
the removal of a proton and a neutron from the ^^F beam. By identifying ^^O and the decay 
neutrons at the same time it was possible to reconstruct the energy spectrum of excited states 
in ^^O. The high energy of 4.72 (11) MeV of the 2^ state provides clear evidence of the spherical 
nature of ^^O, as expected for a doubly magic nucleus. 

Further evidence for the doubly magic nature of ^^O comes from its single-particle structure, 
which was studied in a knockout experiment [tI] at the Fragmentseparator FRS [tH] of the GSI 
Helmholtzzentrum fiir Schwerionenforschung in Darmstadt, Germany. In this experiment it was 
found that the measured momentum distribution for a neutron removal from the ground state 
in ^'^O showed a pure L = character. This proved that the last two neutrons in ^^O occupied 
only the v2s\i2 single-particle level as predicted by a shell model calculation including the new 
shell closure at = 16. If there were no new magic number A^ = 16 in the oxygen isotopes the 
1/1^3/2 level would have been close to the v2s\i2 level and a substantial contribution of L = 2 
would have been measured in the momentum distribution, which was not the case. 

All experimental evidence available on ^'^O and its neighboring isotopes clearly support the 



fact that N=16 is a new magic number (see also |l3l . l7ll . [7 



Effective Single Particle Energies for N=20 

On the basis of the theoretical knowledge concerning the effect of the residual interaction on 
the single-particle energies the disappearance of the N=20 and appearance of the N=16 magic 
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Fig ure 10. Effective singie particie energies (ESPE) for tlie N=20 isotones between oxygen and caicium (adopted from 



number in the oxygen isotopes can be explained. 

Figure [TO] shows the effective single-particle energies for the N=20 isotones, adopted from 511], 
as a result of the monopole component of the residual interaction Vmu with Gaussian central 
and tensor part (see Fig. [5]). One can see the large N=20 shell gap for calcium (Z=20), which 
decreases in size once protons are removed from the orbital below Z=14. At Z=8 a sizable 

N=16 shell gap is present. The starting point for this plot are the Z=8 SPE from the SDPF-M 
interaction [431 • Note that ^^O is unbound. 



By adding protons in the 7Tld^/2 orbital the 2^1^3/2 orbital gets more bound and the classic 
N=20 shell gap is opening up. The N=16 shell gap for Z=8 is thus due to the absence of the 
attractive monopole interaction between the 711^5/2 the levels. 

The effect of the monopole interaction can be also seen when adding a single proton into 
the 7rld5/2 orbital. In this case there is some additional binding of the 1/1^3/2 level due to its 
interaction with the ■Kld^i2 level allowing for the binding of six more neutrons all the way to 



31 



F. 



^.1.3 The Island of Inversion 

The ESPE for the N=20 isotones in Fig. [10] show another interesting feature for Z=10 and 
Z=12. For these proton numbers there is no clear shell gap visible. The N=16 shell gap is large 
only for oxygen and carbon (Z=6) and the N=20 shell gap is well developed only for Z=14 and 
above. For Ne and Mg there is a more even spacing of all the levels and in this case quadrupole 
correlations can come into play since their strength is of the order of the level spacing. In such a 
case quadrupole collectivity can develop by a partial occupation of levels of the pf shell, which 
in turn drive the ground states of the N=20 isotones ^'^Ne and ^^Mg into deformation. Due to 
the effective lowering of the pf-shell orbits compared to the standard sd-shell levels, one talks 
about an inversion of the single-particle levels. The nuclei around ^'^Ne and ^^Mg, which show 
ground state deformation and thus a breakdown of the N=20 shell, are considered to be part of 
this so-called Island of Inversion |77l ] . The first proof of the role of deformation for these nuclei 
came from the Coulomb excitation of an exotic ^^Mg beam at the RIPS fragment separator 
at RIKEN, Japan [g^]. However, until today the exact borders of the island of inversion are 
still not delineated completely and there are still intensive experimental and theoretical efforts 
underway to exactly understand the evolution of shell structure and the competition of spherical 
and deformed configurations in this mass region (see e.g. [l3, tI, 7§, 13] and references therein). 
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4- 1-4 magic number N=34 

When Honma et al. |81I] introduced the new effective sheh model interaction GXPFl for 
the nuclei in the pf-shell, which included the effect of the monopole component of the tensor 
interaction, they predicted that the first excited 2"*" energy in the N=34 nucleus ^^Ca would be 
as high as for the doubly magic ^*^'^^Ca nuclei. At the same time, shell-model calculations using 
the well established KB3G interaction 77, 113, S HI support a A'^ = 32 shell closure, which is 



experimentally well established, but not a A^ = 34 shell closure. 

The prediction of a new doubly magic shell closure for ^^Ca triggered a large number of 
experimental and theoretical investigations. So far, ^^Ca has been out of reach and thus the 
experimental investigations have concentrated on the nuclei in its vicinity. A number of studies 
have been performed on neutron rich Z = 20 — 24 nuclei using /3-decay as well as multi-nucleon 
transfer. Coulomb excitation, and knockout reactions of radioactive ion beams (see l^, 85] and 



references therein). The level schemes obtained for these nuclei compare favorably with shell- 
model calculations using the GXPFIA interaction and thus support the prediction of the new 
N=34 shell closure. Clarity concerning this very interesting question will only be obtained when 
experiments can finally be performed on ^^Ca directly. This may be possible within the next few 
years at the new Radioactive Ion Beam Factory (RIBF) at RIKEN. 



4.2 Shell quenching in heavier nuclei 

In the preceding chapters one of the main mechanisms for the change of shell structure in 
neutron-rich nuclei has been discussed, namely the shift of single-particle energies due to the 
monopole component of the residual interaction. However, self-consistent mean-field studies have 
also predicted changes in the shell structure, in particular when approaching the neutron-dripline 



[6a, |67|, |68|, |69., 20} . The most significant effect is the quenching of shell gaps near the dripline 
due to the coupling of bound states to unbound continuum states above the Fermi-energy, e.g. 
through pair scattering. In addition, an isospin dependence of the spin-orbit interaction has been 
discussed. For increasing neutron-to-proton ratios this could lead to a reduction of the splitting 
between spin-orbit partner orbits, which is the main cause for the shell gaps in medium mass 
and heavy nuclei. Thus a reduction of the spin-orbit interaction, related to a more diffuse nuclear 
surface, would also cause a shell quenching. 
_Experimental evidence for the quenching of the N=82 shell was suggested by the observation 
of a less than expected binding in the N=82 nucleus ^^''Cd, just two neutrons below doubly- 
magic ^^^Sn. The binding energy was determined by measuring the beta-decay endpoint energy 
and thus the mass difference to the daughter nucleus of known mass. The experiment was 
performed at the ISOLDE radioactive beam facility at CERN, one of the longest operating 
radioactive beam facilities with a large number of elements available for experiments. However, 
recent spectroscopic studies of the excited states in ^^''Cd at GSI Darmstadt revealed that the 
excitation pattern can be well described by SM calculations in which the N=82 shell gap has its 



full size [STJ. The N=82 nuclei below ^^"^Cd are just coming into the reach of RIB facilities and 
the next years will probably solve the puzzle of possible shell quenching below ^^^Sn. 

Another investigation in this mass region studied the evolution of the energy spacing between 
the proton orbitals vrlg7/2 and 7rl/iii/2 in the antimon (Sb) isotopes as a function of neutron 
number. An increase of this spacing was observed [8S] and is interpreted as a lowering of the 
7rlg7/2 and a rise of the 7rl/iix/2 orbital, which in turn means that the spacing between the vrlg'7/2 
(7rl/iii/2) orbital and its spin-orbit partner orbital 7rlg'9/2 is decreasing with increasing 

neutron number. This observation was taken as a possible indication of a reduction of the spin- 



orbit interaction with increasing neutron number. However, Otsuka et al. [49|, |50|] pointed out 
that the monopole part of the tensor interaction would produce exactly the same effect, since 
within the studied range of neutron numbers the i^lg'9/2 orbital is filled. The equivalent effect 
for neutron orbitals in the N=51 isotones has been discussed in section [231 and Fig. [H 
In addition to the aforementioned studies, there is also an intense effort to study the persistence 
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of classic shell closures in exotic nuclei. On the neutron-rich side the N 
doubly-magic '^'^Ni M, M, 111 and the N=126 below ^ospb (g^, [g 



50 shell closure around 
which are both 



relevant for the delineation of the r-process path, have become accessible to first experimental 
studies. On the proton-rich side the doubly-magic ^^Ni has been produced for the first time [96*]. 
■^^Ni lies near the proton drip- line and there is evidence that it is unbound against two-proton 
emission from its ground state |9j| where the unbound protons are emitted via tunneling through 
the Coulomb barrier. See Refs. [a, for recent reviews on decay studies at the proton dripline. 
Also the heaviest N=Z doubly magic nucleus ^'^'^Sn and its immediate vicinity has been reached 
experimentally and beta decay stu dies have recently been performed with production rates of 
about 1 per hour [osl. [99I. [lOol. Hoil] . 

Another frontier of the investigation of shell closures in nuclei is the question of which shell gaps 
determine the structure of the superheavy nuclei and if the next spherical shell closure beyond 
Pb (Z=82) is Z=114, 120, or 126. Here various theoretical models come to different conclusions 



102l | and with tremendous experimental efforts it has been possible to expa nd the nu clear chart 
up to Z=118 using fusion reactions with intense stable ion beams (see Ref. 1031 . 104 1 for recent 
reviews). While apparently there is an increased stability of the heaviest, most neutron-rich 
superheavy elements observed, the question of the position and size of the next spherical shell 
closure remains open so far. 



5 Conclusion 

In this review I have tried to summarize some of the main aspects of nuclear shell structure 
and highlighted some of the main drivers of shell modifications far away from stability. Quite 
dramatic changes of shell structure occur in the neutron-rich region of the nuclear chart, in 
particular in light nuclei, as indicated in figure [9j For example, the N=20 and 28 shell closures 
break down and new magic numbers appear at N=16 for Z=6,8 and N=34 for Z=20. The 
discovery of such major changes to the magic numbers, which were previously thought to be 
valid throughout the whole nuclear chart, has lead to vigorous experimental and theoretical 
activities to understand the origin of these changes and to make predictions for those nuclei 
not accessible to experimental studies yet. From the above discussion of nuclei near ^^^Sn one 
realizes that the effect of the monopole interaction and any changes of the spin-orbit interaction 
can contribute to the observed changes of the single-particle structure at the same time and need 
to be carefully disentangled. In addition, other effects can come into play, such as changes of the 
nuclear pairing correlations, collective correlations, or the coupling of bound states to unbound 
continuum states. 

The complexity of these issues is one reason why it is essential to obtain multiple and de- 
tailed experimental observables on the single-particle structure far away from stability. The 
development of facilities for exotic nuclear beams have been an essential driver for these studies. 
However, due to the difficulties in producing the nuclei of interest and the low intensities of those 
exotic nuclear beams, the experiments are very challenging and need ingenious technological and 
methodological developments to succeed. It is this combination of theoretical and experimental 
challenges, which make the field of nuclear structure of exotic nuclei so interesting. 

The radioactive beam facilities of the next generation like RIBF at RIKEN (Japan), FAIR 
at GSI Darmstadt (Germany), and FRIB at MSU (U.S.A.) as well as HIE-ISOLDE at CERN, 
SPIRAL2 at GANIL (France) and possibly EURISOL will provide access to even more exotic 
nuclei, in particular along the r-process path and all the way towards the neutron dripline for 
medium-mass nuclei. With these facilities and the immense theoretical efforts to develop a unified 
theoretical framework for the description of the structure and dynamics of nuclei the evolution 
of shell structure in atomic nuclei will be possible to develop a coherent understanding of the 
nuclear many body system and link it to the other facets of the phases and structures of strongly 
interacting matter. 
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